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Abstract 



We extend the Type I seesaw and suggest a new seesaw mechanism to generate neutrino 
QJ^' masses within the left-right symmetric theories where parity is spontaneously broken. 

f^, ' We construct a next to minimal left-right symmetric model where neutrino masses are 

determined irrespective of the B-L breaking scale and call it the new seesaw mechanism. 
V^J I In this scenario B-L scale can be very low. This makes B-L gauge boson and the quasi- 

r-^ ■ Dirac heavy leptons very light. These TeV scale particles could have large impact on 

C^^ , lepton flavor and CP violating processes. We also shed light on the phenomenological 

aspects of the model within the reach of the LHC. 



I Introduction 

The Large Hadron Collider (LHC) is expected to reveal the theory beyond the tera (TeV) scale. 
A most popular question arises: Will it be possible to get some signatures of physics beyond 
the TeV scale? Physics in the neutrino sector might be a smoking gun to probe the high scale 
theories. The small but non-zero neutrino masses are unexplained within the SM. Experiments 
like SNO, Kamland, K2K and MINOS [H El [3l H] provide information on the two mass squared 
differences Amli and Am|^ u and on the two mixing angles 9i2 and 623. The third mixing 
angle ^13 is not yet determined. Null result of the CHOOZ [5] experiment confirms this to be 
certainly small. The current 3a allowed intervals of the oscillation parameters are given as [6] 

7.1 X IQ-^eV^ < Am^^ < 8.3 x 10~^eV^ 2.0 x lO^W^ < Am^^ < 2.8 x lO^W^ (1) 

0.26 < sin^ 012 < 0.42, 0.34 < sin^ 623 < 0.67, sin^ ^13 < 0.05 . (2) 

There are several models, beyond SM, which attempt to explain the origin of the neutrino 
masses. Seesaw mechanism where light neutrino masses are generated by integrating out the 
heavy particles is one of the popular and well established models. Studies are going on to explore 
different possibilities within the seesaw models, namely Type I, II, III, and Inverse seesaw 
depending on the nature of the heavy particles. These heavy particles carry the signatures of 
the high scale theories and their need strongly motivates to go beyond the SM. 

In case of Type I seesaw mechanism jT] , one should have at least two fermion singlets z//? (right- 
handed neutrinos) and the neutrino masses read as m^^ ~ mf^/Mj,^, where mo is the Dirac 
mass term and M,y^ are the Majorana (lepton number violating) masses of the right handed 
neutrinos. If mo ~ 100 GeV and M^,^ ^ 10^^ GeV, one obtains the natural value for the 
neutrino masses m,^ ^ 1 eV. 

In Type II seesaw mechanism ^ the SM is extended by an SU{2)l triplet Higgs A. In this 
scenario the neutrino masses are given by rn,^^ ~ Y^V/\, where wa is the vacuum expectation 
value (vev) of the neutral component of the triplet and Y^ is the Yukawa coupling, va — 
fiv'^/M'^, where Ma is the mass of the triplet and fi is the trilinear coupling between the SM 
Higgs and the triplet. Light neutrino masses rriu ~ 1 eV if we assume Fj, ~ 1, f ~ 100 GeV 
and /i ~ Ma ^ lO^^-i^ QeV. 

For the Type III seesaw mechanism [9] one needs to add at least two extra matter fields 
in the adjoint representation of SU{2)l with zero hypercharge to generate neutrino masses, 
ml^J ~ MJj/My,- Here M^ stands for the mass of the fermionic triplets and M^ is the Dirac 
coupling. 

Recently these seesaw mechanisms are widely investigated in the context of 5^/(5), 50(10), 
and E{Q) grand unified theories (GUT) and left-right symmetric theories (TU]. In minimal 
SU{^) theory neutrinos are massless. If we add 24-dimensional adjoint fermions, neutrino 
masses can be generated through Type I and Type HI seesaw mechanism [11]. In 50(10) 



Ato|- = mf - m^. 



fermions are 16-diniensional and has a room for right handed neutrinos. Thus Type I seesaw is 
a natural outcome in minimal 5*0(10) models. Type II and Type III seesaw mechanisms can 
be achieved by adding 126-dimensional Higgs and 45-dimensional adjoint fermions respectively. 
E{6) accumulates the features of SO{10) as it contains 5*0(10) ®f/(l)x as a maximal subgroup. 
Fermions are in 27-dimensional irreducible representation that contains an 5*0(10) singlet. In 
the new seesaw mechanism this singlet plays an important role. 

Other possible solutions are implemented to resolve neutrino mass problem within the frame- 
work of heterotic superstring models [12] or hq generation models [13] . It has been shown in 
|14j that even if the total lepton-number is conserved the separate lepton-numbers are violated 
in general. The decays of charged leptons leading to (individual) lepton-number and lepton- 
flavour violations are discussed [15] in the context of a seesaw-type extensions of the SM with 
left handed and/or right handed weak isosinglets. The charged leptons decay mainly as: 

(i) £ ^ f 7 : 

The experimental bounds arising from these type of decays are [16j 

5(r ^67) < 1.1 X 10~^ fi(r ^ /i7) < 6.8 X 10~^ 5(/i -^ 67) < 1.2 x 10"^^ (3) 

The photonic decay modes are extremely suppressed. Thus it is very hard to probe the heavy 
neutrino physics using these decays. 

(ii) i -^ i'iih: 

In three generation model the decaying charged lepton might be either r or fi. 
The possible three body decay modes of r [T7] : 

— !■ e~e~e~^, 

— 7- fi^e^e~^ 

- these are lepton-flavour violating and 

— )■ e+/i~yU~, 
— !■ fi'^e~e~ 

- these are lepton-number violating decays. There could be other lepton-number and lepton- 
flavour violating decyas of r that include hadrons in the final states: 

^e-n+K-, e~K*^, 



- lepton-flavour violating and 

— )■ fi^-n-^n^ , 

- lepton-number violating decays. 

The decays The branching ratios of r decays into three charged leptons can be large ~ 10"^. 

5*0(10) contains SU (2) l^SU (2) r^SU {3)c^U (1) b-l as a maximal subgroup which is left-right 
symmetric. We start with left-right symmetric theories and discuss two possible mechanisms for 
neutrino mass generation. In section II, we propose a model where right handed neutrino masses 
are generated through a dimension-5 operator, like LLHH/M, and light neutrino masses are 
the outcome of a Type I seesaw. In section III, we extend our model by two Higgs doublets and 
a singlet fermion. Here neutrino masses are generated through a new type of seesaw mechanism 
where light neutrino masses are independent of the B-L scale. We discuss phenomenological 
implications of these models. 



II Type-I seesaw in left-right theories 

The so-called left-right symmetric models are one of the most appealing extensions of the SM 
where one can understand the origin of parity violation in a simple way and we can generate 
neutrino masses. The simplest theories are based on the gauge group SU{2)l ® SU{2)ji ® 
SU{3)c ® U{1)b-l- Here B and L stand for baryon and lepton number, respectively. The 
matter multiplets for quarks and leptons are given by 

Ql=(''/] = (2, 1, 3, 1/3), Qb=( ""/] = (1, 2, 3, 1/3), (4) 



Il=( l[\ = (2,1,1,-1), /«=('j;|| ) = (1,2,1,-1). (5) 



In our model we have two Higgs doublets: 



Hl=[ tn = (2,1,1,1), iJ^=fJ^ ) ^ (1,2,1,1) (6) 



hi - v^>^>^,^;>^^«-l /,o^ 



and a bidoublet Higgs: 



$=( 5 ti 1^(2,2,1,0) and $ = as'l'Va. (7) 



Under the left-right parity transformation one has the following relations 



where F = Q, I, H. 

The relevant Yukawa interactions for quarks in this context are given by 

Once the bidoublet gets the vev the quark mass matrices read as 

Mu = Ym + Y2VI and Md = Y1V2 + Y2VI (10) 

with vi = {(pi) and V2 = (02)- ^^ ^^^ case of the bidoublet one has the following transformation 
under the left-right parity 

^< — ^$^ (11) 

and Fi = Y^ and F2 = Y^ . 

In this context the charged lepton masses are generated through the interactions 

Ci = lL{Ys<^ + Y^^)lR + h.c. (12) 

and the relevant mass matrix is given by 

M, = YsV2 + Y^vl. (13) 

At the same time Dirac mass matrix for the neutrinos is written as: 

m^ = YsVi + Y,v;. (14) 

However, in this case one has the same situation as in the SM plus right-handed neutrinos 
where we can assume a small Dirac Yukawa coupling for neutrinos. In this model right handed 
neutrino can not have any tree level mass. Once the Hi and if/j acquire the vevs, vl and vji 
respectively, left-right symmetry is broken. In our model vl=0 and the vev (vr) of Hr sets 
the scale where SU{2)ji (g) U{1)b-l D is broken to f/(l)y. This vev generates the right-handed 
neutrino Majorana mass term 

M., - ^ (15) 

through a non-renormalisable operator, like r]i£HH/M, where t] < 1 is the strength of the 
non-renormalisable coupling and M is the high scale which may be around unification scale. 
The neutrino mass matrix in the basis (z/^, z//j) is : 

*'-(,<rM!)- («) 

Now assuming M,,^ » mo, we have light neutrino masses: 

m,^=m^M-^{m^f (17) 



^We call it B-L (breaking) scale in our discussion. 



As we have seen in this case though one has a single seesaw mechanism we can have an in- 
teresting scenario for the LHC where the right handed neutrinos are at the scale, M^,^ ^ 1 
TeV. Therefore, as it is well known in this case one gets small neutrino masses, rriu ~ 1 eV, 
if the Yukawa couplings are very small. If we assume M ~ ]^q19-i7 Qgy^ ^j^g g_L scale will 
be, vr ~ 10^^^^*^ GeV to get the consistent right handed neutrino mass term. The nice fea- 
ture of this model is having TeV scale right handed neutrinos quite naturally without lowering 
the B-L scale. This possibility might be testable at collider experiments. Because of the low 
right handed neutrino mass, signatures of the uji can be grabbed at the LHC [18]. The main 
production channels of the single heavy right handed neutrino are: 

pp -)■ qq' -^ W* -^ i^i'R, 
-^ qq-^ Z* -^ uur, 
-)> gg -)■ H* -)■ uur, 

and the pair production signal is: 

pp -¥ qq -^ Z* -^ vrVr. (18) 

The production cross sections are very much suppressed by the mixing matrix elements {Viv) 

and the SM backgrounds. 

The decay widths of the heavy right handed Majorana fermions are: 

W UR UR UR 

where Vg^^ is the small mixing, iV^i/^P ~ 10^^ — 10""^. 
There is a lepton number violating process 

URUR ^ IH^W^W^ (/ = e,/i,r) (19) 

- Majorana signal. If we consider that ly's decay hadronically then in the final state we will 
have same sign dileptons (SSD) and 4 jets. The overall branching fraction for this is 

BRiuRMR^ ^ /±/± + 4 jets) ^ ^. (20) 

There could be other channels like l^P + 4 jets, but these are not lepton number violating 
processes. We can also look at the leptonic decay of one of the W's 

vr^vr^ -^ iH^W^W^ -^ iHH^ + MET + 2 jets. (21) 

This might be a faithful decay mode to reconstruct the mass of the right handed neutrino as 
there is a single source of missing transverse energy (MET). The combinatorial background can 
be reduced by minimizing the difference of the masses of two right handed neutrinos. 
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We can have another scenario where mr, ~ 100 GeV, vr ~ 10^^ GeV, M ~ 10^^ GeV and one 
finds rrij, ~ 1 eV. The scales, involved here are very high. This can be demonstrated as a low 
energy effect of some high scale theory, like GUT. 

Type I seesaw mechanism for neutrino masses in the context of left-right symmetric models 
where parity is broken spontaneously has been discussed. We prescribe a left-right symmetric 
model where the light neutrino masses are generated by integrating out the heavy right handed 
neutrino through a Type I seesaw mechanism. We stick to the minimal matter fields in our 
model and have generated right handed neutrino masses through a non-renormalisable operator. 
We point out the phenomeno logical rich and accessible aspects when vr is light. In the scenario 
where vr is very heavy and non-degenerate, its decay can lead to Type I leptogenesis. 



Ill new seesaw in left-right symmetric theories 

In this section we propose a new type of seesaw realisation in the context of a non- 
supersymmetric left-right symmetric model where parity is spontaneously broken. We add 
an extra fermion which is singlet, S", under SU(2)l ® SU{2)r ® SU{3)c ® U{1)b-l, but has a 
non-zero U{l)x charge. Thus the mass term, /i, of this singlet is not allowed because of this 
U{l)x invariance. ;U — )■ enhances the symmetry of the theory, as global lepton number sym- 
metry is exactly conserved. In E{6) fermions are 27 dimensional and under 5*0(10) §>> U{l)x 
decomposition reads as: 

27F = ilA)F®il6,l)F®ilO,-2)F (22) 

We consider S to be an 5*0(10) singlet field (1,4)^ present in 27f of E{6). The U{l)x charge 
of this singlet prevents to have its mass term in the Lagrangian. Thus we put /i = in our 
model. The other fermions (10, —2)f do not mix and they are heavy. The field contents of this 
model are same as in the previous one with an added extra singlet fermion (1, 1, 1, 0) and two 
more Higgs doublets: HI = (2,1,1,-1), H'^ = (1,2,1,-1) under left-right symmetric gauge 
group. Here only H^ gets vev, v'^ = vr and f^ = 0. We need to introduce H^ to accommodate 
this in 16 H ®lQHoiSO{10). 
Now we can have extra Dirac couplings in the Lagrangian. When the Higgses get vevs 

YIrSH}^ + h.c. (23) 

and 

l^LSiY, ^ + Y,^)H*^ + h.c. (24) 

generate ur — S and ul — S couplings respectively. 

The neutrino mass matrix in the basis {vl-, ^r-, S) reads as: 



( 



m^ MdVr/M\ 



Mu = I {m^f VVr/M Yvr . (25) 

\MIvr/M Y^vr / 



where M^ = (Y^Vi + YqV2)- In this model we consider rj to be very small such that M^^ — )• 0. 
After diagonalizing the above matrix, it can be seen that the scale vr drops out from the light 
neutrino masses: 

m,, = (m^ Mnvn/M) (^^^^^ ^^A (m^ MnVn/Mf (26) 

rrii,^ is suppressed by M and independent of the B-L scale. Thus, the B-L scale can be made 
low without affecting the small neutrino masses. The B-L gauge boson can be at TeV scale and 
possibly produced at the LHC The heavy neutrinos that are involved in seesaw mechanism 
having masses at vr scale are light now. This has rich phenomenological implications. Exchange 
of these particles generates lepton-fiavour and (individual) lepton-number violating processes, 
say a — !■ £'7 and £ — )■ i'iii2, at large rates as in the inverse seesaw models [151 [IS]- This model 
can be tested at colliders and in flavor sector. If the right handed neutrino is lighter than 5" 
then we could have Type I leptogenesis with extra vertex contributions containing 5* in the 
loop. 

This model is also testable at the LHC. The TeV scale right handed neutrinos co-exist with the 
prediction of small neutrino masses without fine tuning the couplings. This is a nice feature 
of this model. Thus the decays of TeV scale right handed neutrinos, discussed in the earlier 
section, fit naturally here. The form of the mass matrix is same as in reference [20] but the 
mechanism and the elements are different. 
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